Surface studies of GaAs by Mahoney, William J.
UNIVERSITY OF ILLINOIS
THIS IS TO CERTIFY THAT THE THESIS PREPARED UNDER MY SUPERVISION BY
ENTITLED..*>«!.£.fee........... ...
IS APPROVED BY ME AS FULFILLING THIS PART OF THE REQUIREMENTS FOR THE
DEGREE OF........... .......................................... .
A pproved:
Instructor in Charge
•YHEAD OF DEPARTMENT OF.
Surface Studies of GaAs
By
William J. Mahoney
Thesis
for the
Degree of Bachelor of Science
in
Chemical Engineering
College of Liberal Arts and Soience 
University of Illinois 
Urbana, Illinois
1989
TABLE OF CONTENTS PAGE
Introduction ---------------------------- 1
Background
Temperature Programed Desorption —  3
Second Harmonic Generation --------- 4
Photoreflectance -------------------  6
Ultra High Vacuum------------------  7
Apparatus
Small U H V --------------------------- 8
Large U H V --------------------------- 9
Procedure
Pumpdown---------------------------- 13
T P D ---------------------------------  14
Results---------------------------------  15
Conclusion------------------------------ 17
Acknowledgements — -- — ---— ---— ------ 17
Appendix
References------ — — ---- -----. is
Figures---------------------------- 20
INTRODUCTION
Gallium Arsenide represents one of the most important 
materials used in the electronics industry today and will continue 
to be in the future. GaAs is used as a semiconductor in many 
microelectronic devices and is presently the topic of study by 
researchers around the world. Today, the vast majority of 
microelectronic devices employ silicon as the semiconducting 
material. Silicon is used more frequently than any other
semiconductor because of its abundance on earth and its ease to 
produce. But, as silicon devices approach their performance limits, 
the interests in GaAs increases. Even though GaAs is more difficult 
to process than silicon, it can be used for purposes which silicon 
is inappropriate. The interests in GaAs are sparked by the 
electrical properties which govern this semiconductor. Comparing 
the electron mobility of these two semiconductors:
GaAs Si
Mobility(cm2/Vsec) 8500 1350
it is easy to see the importance of GaAs. The electron mobility in 
GaAs is almost 6.3 times that of silicon(l) 1 This is the reason 
that GaAs is being studied so extensively. Since the electron 
mobility in GaAs is much greater than in silicon, GaAs devices can 
be operated at a higher frequency than silicon devices. The recent 
interests in supercomputing are directly related to GaAs devices 
because of the high frequency operational capabilities.
Even though silicon devices are inferior to GaAs devices, 
silicon will continue to be used due to its low cost and ease of
1
2production. The importance of silicon cannot be overemphasized, but 
GaAs surpasses the limitations imposed on silicon.
Even though semiconductor devices have been in production for 
many years, the associated surface chemistry involved in making 
such devices is very poorly understood. The surface chemistry of 
compound semiconductors such as GaAs is particularly complicated 
due to the presence of two substrate elements (Ga and As) which 
posses different chemical reactivities(2). The purpose of the work 
in the Seebauer group is to study the surface chemistry of GaAs and 
other compound semiconductors. The results of these experiments 
will have direct applications to the microelectronics industry 
because the production of these devices by Molecular Beam Epitaxy 
or by Chemical Vapor Deposition are processes that occur at the 
surface of a substrate.
This investigation of GaAs surface chemistry is being 
performed in two ultrahigh vacua located in the Seebauer 
laboratory. The techniques that are used in this study range from 
the traditional Temperature Programmed Desorption(from catalysis) 
to nontraditional laser based probes such as Surface Second 
Harmonic Generation(SHG) and Photoreflectance(PR). The surface 
compositions and structures are probed by Auger Electron 
Spectroscopy(AES) and Low Energy Electron Diffraction(LEED).
The object of my work in this laboratory was to mainly work 
on the two ultrahigh vacua used to perform the surface studies on 
GaAs and prepare this system to experim«u..cal specifications. Also, 
some Temperature Programmed Desorption experiments were performed
3early In the year and although no hardcopy of the data was 
obtained, some general trends were observed for the 
adsorption/desorption of hydrogen on GaAs. A brief discussion of 
some background principles will follow.
BACKGROUND
Temperature Programmed Desorption(TPD)
In the study of GaAs surface chemistry it is instructive to 
borrow techniques used to study the surfaces of metal catalysts, 
particularly Temperature Programmed Desorption(TPD). TPD has been 
performed on a wide variety of metal catalysts but very few studies 
have been performed on GaAs. Apparently only hydrogen(3) and 
water(4) TPD studies have been performed on GaAs. TPD experiments 
are performed by exposing a clean sample substrate(GaAs) in a 
ultrahigh vacuum to a flux of gas at a constant pressure for a 
period of time. This "dosing’' of the sample is usually measured in 
Langmuirs(11, « 10-6torrsec) which takes into account the pressure 
time dependence of exposing the sample. After dosing the sample to 
the desired Langmuirs, the UHV system is then pumped back down to 
the original base pressure (typically 10~9 torr) . The sample is then 
heated corresponding to a desired temperature program(usually 
linear) and the resulting pressure increase from thermally 
desorbing molecules is monitored by a mass spectrometer. From the 
resulting "desorption spectrum" information extracted can yield 
various adsorption parameters such as activation energies and pre­
4exponential factors for kinetice. For an excellent mathematical 
workup on extracting adsorption parameters from desorption spectra 
see reference(5).
Since a linear temperature "ramp" is easiest to achieve, it 
is almost always employed in TPD experiments. If the heating of the 
sample is by electrical resistance, the linear ramp can be 
approximated by a constant power input to the sample. The 
temperature increase can be exprassed as
T = T,, + Bt
where TQ is the dosing temperature, B is the heating rate, and t 
is the heating time.
The rate of desorbtion can be approximated by a simple 
Arrhenius expression assuming first order
rd “ v0exp(-Ed/RT)n - -dn/dt
where v_ is the pre-exponential factor(approx. 1013/s), Ed is the 
activation energy.
By performing a mass balance on a single species of gas in the 
vacuum it is possible to relate the rate of desorbtion to the 
pressure in the chamber. With this it is fairly easy to show that 
the total amount of gas desorbed from a sample is proportional to 
the area under a desorption spectrum, as would be expected(6).
Surface Second Harmonic Generation(SH6)
Since the interactions between a gas and a semiconductor 
surface are considerably weaker than those of a gas-metal system, 
higher pressures may be required to give surface concentrations
5that can be measured. Since the mean free path of electrons in a 
gas with a pressure of 10'*3 torr or greater is very small, the 
traditional electron based spectroscopies(AES for example) fail to 
be useful at higher pressures. The laser based surface probe of 
Second Harmonic Generation is intended to solve this pressure 
problem since it is a spectroscopic technique based on photons 
rather than electrons. Also, since photons are the basis for the 
surface studies, no unwanted chemistry is induced as in electron 
spectroscopies. Measurements with SHG will give insights into 
surface diffusion measurements, adsorption/desorption 
thermodynamics and kinetics on GaAs, which are fundamental to 
Chemical Vapor Deposition and Molecular Beam Epitaxy in 
microelectronic fabrications.
Second Harmonic Generation is useful as a surface probe by 
examining the yield of frequency doubled light reflected off a GaAs 
surface. A pulsed 1064nm Nd:YAG laser is directed onto the crystal 
surface and the reflected radiation, which is composed of the 
fundamental and second harmonic(1064 and S32nm), is filtered to 
remove the fundamental 1064nm wavelength and the remaining 532nm 
light is detected by a photomultiplier tube and a boxcar averager. 
SHG is a highly surface specific process because SHG is forbidden 
in the bulk of a crystal and thus any frequency doubled light must 
be generated at the surface and not in the bulk(7). The 
experimental setup for a Second Harmonic Generation experiment is 
shewn in Figure 1. The usefulness of SHG as a surface probe lies 
in the fact that SHG is able to detect a submonolayer of adsorbed
6molecules and the second harmonic Is large enough to be readily 
detected. These properties make SHG suitable for surface studies.
Photoreflectance(PR)
Another laser based probe used in this laboratory is 
photoreflectance. Photoreflectance, like SHG, is a photon based 
spectroscopy and hence solves many of the problems of higher than 
UHV pressures where electron(or ion) based spectroscopies fail. A 
diagram of a PR experiment is shown in figure 2. The results of 
Photoreflectance experiments will give insight into the 
thermodynamics and kinetics talked about in the SHG section. 
Although PR has been known for many years(8), it has only recently 
been exploited as a probe for surface chemistry. Photoreflectance 
is one of several modulation spectroscopies in which a 
semiconductor sample is periodically perturbed(chopped laser) and 
the resulting changes in the dielectric constant is detected 
through reflectance(9). The reflectance change is then monitored 
as a function of wavelength(or energy). In photoreflectance, the 
modulation is accomplished with a chopped laser beam having a 
photon energy greater than the fundamental bandgap energy. This is 
required if the laser is going to produce excess electron-hole 
pairs in the semiconductor. Surface states, which are a consequence 
of the termination of the bulk crystal, are "trapped charges" from 
dangling bonds. These trapped charges have the effect of giving 
rise to a built in electric field from the bulx to the surface. The
7width of this field is called the space charge region(SCR). Since 
the trapped charges at the surface lower the potential of the 
electrons at the surface they must consequently raise the energy 
of the electrons at surface. This gives rise to the energy band 
bending from the bulk to the surface, when the laser is on the 
sample it creates electron-hole pairs and the minority 
carriers(holes) migrate towards the surface under influence of the 
electric *ield and neutralize surface states there. This therefore 
lowers the electric field and consequently the surface potential. 
If the electric field changes, it must change the dielectric 
constant and hence the reflectance of the surface(10). This is 
known as the Franz-Keldysh effect. Since the change in reflectance 
is small, the signal from the silicon diode detector is fed to a 
lock in amplifier tuned to the chopping frequency of the laser. The 
resulting spectrum is a plot of normalized change of reflectance 
versus energy and changes in the amplitude and linewidths can be 
used as a probe of surface composition.
Ultra High Vacuum
The use of ultrahigh vacua in studying surface phenomena is 
universal. Since many surface probes utilize electron or ion beams, 
the use of a vacuum is essential since charged particles do not 
propagate well through a gas pressure of 10~3torr or 
greater.Another problem is preparing a "clean" surface(a surface 
that has no contaminates such as oxides or hydrocarbons) and 
keeping clean for a reasonable amount of time(say several minutes)
8for experimentation. A surface that has been cleaned(by chemical 
etching) has to be housed in an environment that reduces the flux 
of contaminates in order to prevent almost immediate 
recontamination. This is accomplished through use of an ultra high 
vacuum(P<10~8torr). The impingent flux of gas at this pressure is 
low enough to be confident that recontamination does not occur 
quickly. MBE, the term used to denote the epitaxial growth of 
compound semiconductor thin films, involves the reaction of one or 
more molecular beams with a crystalline substrate is performed in
ultra high vacuum conditions(12). This technique of semiconductor
<
growth is of principle interest in this laboratory. Ultrahigh 
vacuum requirements limit the types of pumps,materials and devices 
for measurement used for and in the vacuum(13). Since most of my 
work was concerned with the UHV systems in this laboratory, I will 
discuss them in detail.
APPARATUS 
Small UHV
The first ultra high vacuum that was in operation during the 
year was called the small system. See figure 3. This UHV basically 
consisted of a stainless steel, 6-way cross with 1.5" I.D. flanges 
on all six sides. This small UHV was used to perform some very 
quick TPD experiments before it was dismantled to use parts for the 
larger more complicated UHV system.
The total volume of the small UHV was 1.5 liters. Connected 
to the bottom flange was a small cryogenic pump and a mechanical
9roughing pump. Through on* of the side flanges was an ionization 
guage used for pressure measurements and on another flange was a 
head for the masts spectrometer. The two remaining side flanges 
contained a view port and a precision leak valve which was used to 
leak in hydrogen gas at a constant rate for the TPD experiments. 
On the top flange was the sample mount which held the GaAs crystal. 
The sample mount design is of importance and will be discussed in 
detail in the next section.
Large UHV
The UHV that is used for the photoreflectance experiments and 
will be used for the Second Harmonic Generation experiments is 
sketched in figure 4. This system contains many components, these 
and their design considerations will be considered in detail. The 
UHV chamber has a volume of approximately 15 liters and is 
constructed of stainless steel.The use of stainless steel is 
preferred because of its mechanical strength and ability to be 
formed and welded. Care must be taken to insure that no trapped 
volumes exist in the design which would give vise to "virtual 
leaks". A virtual leak is different from a real leak in that at 
very low pressures, trapped volumes are not pumped properly and 
hence will continuously loak gas and prevent the chamber from 
reaching the desired pressure.
Another source of a virtual leak is from outgassing from the 
chamber walls (desorption of gas from the walls in a UHV is 
essentially a leak). Baking the vacuum(heating the chamber walls)
10
to remove adsorbed gas will minimize the outgassing from the 
chamber walls. Stainless steel is also used because of its low 
outgassing rates (14). Connecting seals on a UHV requires soft metal 
gaskets between opposing flanges which have knife edges machined 
into them. Copper is used as a gasket because of its softness and 
low vapor pressure. When working with vacuum components it is wise 
to wear gloves to prevent hydrocarbons from skin and sweat from 
getting on exposed vacuum surfaces. The hydrocarbons are very 
difficult to remove from a UHV without cleaning it with degreasers.
The very low pressures (10"11 torr) are obtained in UHV by 
utilizing a CTI cryotorrlOO cryogenic pump. A cryogenic pump 
operates by removing a gas from a system by solidifying it onto a 
very cold surface(15K)(15). Cryopumping is of importance in vacuum 
science because it is a "clean pump" since the only working fluid 
used is the Helium refridgerant and hence contamination of the UHV 
by pump fluid is impossible. The main disadvantage of cryopumping 
is that the surface that captures the gas will eventually becomed 
"choked" with gas and must be regenerated. Since the cold surface 
of a cryopump can become choked with gases very easily at high 
pressures, it is necessary to "rough" pump the system down to 
approximately 10“® torr before the cryopump can be used. This is 
accomplished by using an Alcatel Mechanical pump lined up to the 
system. The mechanical pump is first used to pump down the system 
to the crossover pressure. It is essential to use a foreline trap 
to prevent backstreaming of pump oil into the system. This occurs
11
because pump oil has a higher vapor pressure than the UHV 
requirement. Contamination of a UHV with pump oil is disastrous to 
the system. If this happens, the chamber must be dismantled and 
cleaned.
Another type of pump used on this system is a Titanium 
Sublimation Pump(TSP). This "pump" uses a hot titanium filament 
that sublimes titanium onto part of the chamber surface which is 
cooled by liquid nitrogen. The pumping comes from the adsorption 
and reaction of reactive gases on the cold, clean surface. This 
will not work for inerts or hydrocarbons. Using these pumping 
techniques and after baking the vessel walls it is possible to 
reach pressures in the 10~10 torr region 1
At such low pressures it is difficult to accurately measure 
the pressure. This problem is best solved by using an ionization 
guage(16). An ion guage implements a heated filament , a grid and 
a collector. Electrons are given off by the filament due to a 
potential applied to the electrodes and are accelerated towards the 
grid. The electrons collide and ionize some of the gas molecules 
which are then attracted towards the collector. The resulting 
current is measured by an ammeter and is proportional to the 
pressure.
The UHV system employs a dual channel DYCOR quadrupole mass 
spectrometer made by AMETEK to monitor gas compositions. This 
spectrometer is capable of probing atomic masses from 1 to 200 by 
plotting partial pressure versus molecular weight. It is also 
capable of plotting total pressure versus time which was used for
12
some TPD experiments. The spectrometer is also used for Helium leak 
detection which probes for real leaks in the system. For a good 
discussion on the mass spec see reference(17) and (18).
In order to remove impurities on the surface of the GaAs 
crystal, the system employs an Argon sputter gun. This device 
operates by ionizing argon gas by an electron beam. The resulting 
ions are then accelerated into the crystal under influence of a 
bias. This resulting collisions are powerful enough to remove the 
surface impurities.
The GaAs crystal is attached to what is called a sample 
manipulator. This allows the sample to be orientated inside the 
chamber for different orientations. The sample is mounted on the 
manipulator by using tantalum clips which are suitable for UHV. The 
sample mount has electrical connections attached so that a DC 
current can be passed through the sample and support. This is 
needed for annealing the sample and heating the sample for TPD 
experiments. Also attached to the sample is a Chromel-Alumel 
thermocouple which is used to probe temperatures.
Attached to the UHV chamber are sources for Gallium and 
Arsenic used for growing GaAs thin films by MBE(12). These sources 
are constructed of an aluminum oxide boat in a tantalum cover. This 
is attached to an electrical feed through so a DC current can be 
passed through the cover to resistively heat the elements to cause 
evaporation. The resulting beams of Gallium and Arsenic are 
directed towards the GaAs substrate.
Surface compositions and structure are probed by Auger
13
spectroscopy and Low energy electron diffraction. The Auger used 
is a PERKIN ELMER 11-500 and the combined LEED is a 11-020.
The Auger is used to monitor surface impurities while the LEED is 
used to verify crystal orientations.
The system also has many view ports which allow a laser beam 
to enter the system, strike the semiconductor surface, and leave 
through another view port for detection.
In order to leak gases into the system, a gas handling system 
is used to introduce different gases in the system for the 
experiments. This system must also be pumped to remove atmospheric 
air and contains a pressure thermocouple to probe for leaks.
PROCEDURE
Pumpdown
The general procedure for pumping down an ultrahigh vacuum 
will follow. The vacuum must first be rough pumped to approximately 
10~6 torr before the cryopump can be used to aviod saturation of 
the cold surface on the pump. The pressure in the system must not 
be monitored by an ionization guage at high pressures because the 
filament will bui'n out very quickly. Instead, the pressure can be 
monitored by a pressure transducer. It is important to make sure 
the forline of the rough pump is trapped before using it in order 
to prevent backstreaming of the pump oil. Once the pressure is low 
enough to crossover to the cryopump, the mechanical pump can be 
isolated and turned off. The cryogenic pump can then be turned on. 
The cryopump takes a few hours to reach its maximum pumping
14
capacity.
The next step is to bake the chamber walls to remove adsorbed 
gasses. This can be done with heating tapes but care must be taken 
to not wrap precision leak valves and the LEED/AUGER optics. To 
achieve a constant temperature around the system, it is wise to 
wrap the UHV in aluminum foil. The temperature of the chamber 
surface must be monitored in several places to assure even heating 
and safe temperatures. This is easily done with thermocouples.
The baking of the vacuum is usually done overnight.
Temperature Programmed Desorption.
Once the system is in the UHV state, it can be used to do TPD 
studies of surfaces. The small UHV was used to for some quick TPD 
experiments performed at the beginning of the year. A small 
15mmX5mm GaAs crystal was used for the experiments. The crystal was 
the (100) plane and was semi-insulating with a carrier 
concentration of l.2*E7/cm3. The resistivity of the sample was 108 
ohm-cm. Before mounting the crystal into the vacuum, it was 
necessary to clean the surface of contaminates. This was done by 
degreasing the surface with trichloroethylene followed with acetone 
and methanol. The crystal was then acid etched in a 10:1:1 solution 
of H2S04:H202 :H20 at room temperature for only 30 seconds. The acid 
solution was then washed away with deionized water. This procedure 
has been shown to minimize oxide formation on the surface(19). The 
crystal was then mounted on the sample mount and pumped down
15
according to the previous discussion. The sample was then heated 
to 800K for several minutes to remove oxides on the surface[20-21].
The samplemount utilized stainless steel foil spot welded to 
two tantalum wires. In effect, the stainless steel housed the GaAs 
crystal except for a small 3mmX10mm hole in the foil which exposed 
the crystal surface. This was to insure constant heating of the 
sample and to prevent temperature variations across the surface.
The sample was heated resistively by passing current through 
the tantalum wires which were connected to the stainless steel. 
Temperatures were monitored with a thermocouple. Air was blown on 
the feedthrough to minimize heat conduction up through the sample 
mount.
Molecular hydrogen was admitted to the whole UHV chamber. 
Atomic hydrogen was formed at the hot tungsten filament of an ion 
gauge. The sample was at room temperature during the dosing of 
hydrogen.
RESULTS
At the time of the TPD experiments, the mass spectrometer was 
not interfaced with a computer and thus prevented obtaining a hard 
copy of the experiment. Therefore the following discussion deals 
mainly with trends rather than specific absolute values.
During the TPD experiments, the base pressures in the system 
was in the 10 ° torr region as measured by an ionization gauge.
16
Hydrogen was admitted to the chamber at various exposures in 
Langmuirs(1L - 10~6 torr sec) and after exposure,the system was 
pumped back down to its original base pressure. Figure 5 shows 
desorption curves as seen on t! b mass spectrometer. At the lower 
exposures, no desorption was seen at all. These lower exposures 
were all lower than 1000L and corresponds to figure 1 of reference
(3) where no desorption was seen below 3000L. At the higher 
exposures, desorption was observed but the pressure never returned 
to the bases pressure. Where the desorption starts to level out on 
fig 5 corresponds to a temperature of approximately 400K. This is 
in agreement with figure 1 of references (3) in which all the 
maximum desorption rates were in between 400K and 450K. The reason 
the pressure never recovered to the base line is unclear. Perhaps 
the original base pressure was not low enough to start with. I 
suspect that the high temperatures caused desorption off the 
chamber walls which could of been heated by radiation from the 
heated sample mount which was only 1.5" away from the sample.
17
CONCLUSIONS
(1) Some quick TPD wee performed on GaAs and the general 
trends agree with the previous work of reference(3).
(2) Ultra high vacuum science must be familiar to the surface 
scientist.
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